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ABSTRACT: The dynamic behaviour of an ideal homogeneous earth dam overlaying a stiff natural clayey soil deposit and 
subjected to seismic loading has been studied using a fully coupled effective stress approach and an advanced constitutive 
model. A critical review of the role of the assumed constitutive hypotheses, of the hysteretic damping introduced by the 
model and of the viscous damping artificially added in the FE analyses is given and some general conclusions are 
proposed.
1 Introduction 
The behaviour of earth dams subjected to seismic action has traditionally been studied adopting semi-
empirical approaches or simplified numerical methods such as the limit equilibrium analysis or the equivalent 
visco-elastic scheme. More sophisticated numerical tools, based on the finite element (FE) method, have also 
been developed in the academic environment to simulate the dynamic behaviour of large earth embankments 
(e.g.: Griffiths & Prevost, 1988). In the last decade the FE approach, based on fully coupled effective stress 
formulation for the solid-fluid interaction, is becoming more and more popular in the engineering environment 
as a tool for the design of earth dams, allowing to predict the serviceability and stability of such structures 
(Zienkiewicz et al., 1999). Any reliable FE analysis of the dynamic response of an earth dams should be based 
on an accurate description of the stress-strain behaviour of the material during the seismic action. With this 
respect, a number of experimental results have indicated that the essential features of the mechanical 
behaviour of soils subjected to cyclic loading are state dependency, early irreversibly, non linearity, decrease 
of nominal stiffness and related hysteretic energy dissipation. Only some of these features can be simulated 
adopting simple constitutive assumptions in the framework of elasto-plasticity (e.g.. Elastic-Mohr-Coulomb 
model, Elastic-isotropic hardening Modified Cam-Clay model). A primary limitation of these single surface 
models in the context of dynamic analyses is related to their inability to reproduce the observed hysteretic 
dissipation. This is caused by the unrealistically large extent of their yield surfaces, which leads to limited 
accumulation of plastic strain during cycles. As a consequence, the use of such simple models in FE dynamic 
analyses requires the superposition of a, often large, fictitious viscous damping. This last ingredient of the 
analysis is difficult to quantify a priori and, at the same time, can have a crucial influence of the results 
(Woodward & Griffiths, 1996). More advanced constitutive models can be used in FE dynamic analyses of 
large dams in order to properly predict all the main features of the soil behaviour mentioned above. Despite 
the more complex mathematical formulation, these models are able to simulate the early development of 
irreversible strains and the permanent pore water pressures built up, thus resulting in a realistic prediction of 
the hysteretic dissipation and, as such, limiting the amount of the required additional viscous damping to a low 
value, no longer significantly influencing the results. 
The aim of this work is to emphasise the merits of the fully coupled non-linear approach, based on the use of a 
sophisticated FE code and of an advanced constitutive model, in the prediction of the behaviour of an ideal 
homogeneous earth dam subjected to a real earthquake. In particular, the same problem is first analysed
assuming for the soil a two surfaces mixed isotropic-kinematic constitutive model and then re-analysed
adopting the relatively simple Modified Cam-Clay model. The results of the two analyses are compared in 
terms of acceleration profile, time history and Fourier spectra, together with displacements at the crest, excess 
pore water pressures and stress paths. In the final part of the paper, a discussion of the results and some brief 
conclusions are proposed. 
2 The constitutive model and the Finite Element code 
2.1 The MSS model 
The constitutive model used in the finite element analyses proposed in this paper is the MSS model (Model for 
Structured Soils), developed by Kavvadas and Amorosi (2000) for structured clayey soils and based on multi-
surface plasticity concepts. A key feature of this model is the treatment of the pre-consolidation as a structure-
inducing process and the unified description of all such processes via a “Bond Strength Envelope” (BSE), 
associated with the onset of appreciable de-structuring and distinguished from the onset of plasticity yielding.
Other features of the model include: a damage-type mechanism to model volumetric and deviatoric structure 
degradation, downward compatibility with Modified Cam-Clay (MCC), i.e. adaptable predictive capabilities 
depending on the availability of suitable test data and mathematical formulation in a general tensorial space to 
facilitate its incorporation in finite element codes. The model is characterised by two nested Cam-Clay like 
elliptical surfaces in the stress space: the external surface BSE, which represent the material states 
associated with the onset of degradation of structure at appreciable rate and the internal yield surface PYE 
geometrically similar to the BSE, but scaled by a factor 1! "" . For states inside the PYE, the reversible
behaviour is described by stress dependent bulk and shear moduli. MSS includes both isotropic and kinematic 
hardening. The isotropic hardening rule controls the size of the BSE, i.e. it describes the evolution of material 
structure, whereas the kinematic hardening rules describe the motion of the two characteristic surfaces in the 
stress space and thus describe the evolution of material anisotropy. This model has been used in the present 
study to simulate the mechanical behaviour of both the natural clayey soil deposit and the cohesive material in
the dam. In the latter case, a procedure to simulate the layer by layer soil compaction process during the dam 
construction has been developed, simulating the effects of compaction by the introduction of a man-made 
structure, as described below.
2.2 The Finite Element code: SWANDYNE II 
DIANA–SWANDYNE II (Dynamic Interaction And Non-linear Analysis-SWANsea DYNamic program version II) 
is a two-dimensional FE code which adopts the fully coupled Biot dynamic equations with the assumption that 
the fluid acceleration relative to the solid skeleton is negligible (u-p formulation). The program uses 
isoparametric finite elements of both triangle and quadrilateral shape. The code can be used to analyse static, 
consolidating and dynamic geotechnical problems under draining or undrained condition. As fully non-linear 
behaviour is expected in geomechanics applications, most of the relevant properties in the program are
allowed to change during the analysis. This includes the solid density, the fluid density, the void ratio and the 
Biot Alpha. The permeability can be a function of pore pressure and void ratio. Large deformations can be 
accounted for using the Updated Lagrangian Formulation and finite rotations are also included. The time 
integration scheme adopted in this code is the GNpj method (Generalised Newmark p
th
 order scheme for j
th
order equation) proposed by Katona and Zienkiewicz (1985). Both tangential stiffness and BFGS method are 
available for non-linear iterations. Within a given time step, the incremental strain can be further subdivided to 
increase the accuracy of the incremental stress integration using a sub-stepping procedure (Chan, 1995).The
constitutive model described above has been implemented in SWANDYNE II using an explicit integration 
scheme, with constant maximum strain subdivision decided by the user. Its predictive capabilities have been 
tested under static, consolidation and dynamic conditions for various boundary value problems (Elia, 2004).
3 The ideal problem studied 
The dynamic behaviour of an ideal homogeneous
earth dam overlaying a stiff natural clayey soil 
deposit and subjected to a real earthquake at the 
bedrock is studied using the fully coupled 
approach and the advanced constitutive model
described in the previous section. The detailed
dimension of the dam is presented in Figure 1. 
The dam has a base of 370.5m and is 48m high;
these are typical values for a homogeneous clayey
embankments. In the FE discretization of the 
problem the length of the clayey soil deposit is 
chosen to be three times the maximum length of
the dam and its depth is two times the height of 
the above dam, in order to minimise the boundary
effects during the analyses. A mesh of 330 
isoparametric quadrilateral finite elements, with 8 
solid nodes and 4 fluid nodes, is used. Plane strain free draining condition is assumed for all the analyses
shown in this paper. The solid nodes at the bottom of the mesh are fixed in both the vertical and horizontal 
directions, while the nodes on the right and left side of the foundation layer are fixed in the horizontal direction 
only. The hydrostatic level is initially fixed at the ground level. 
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Figure 1: geometry of the problem studied 
The mechanical behaviour of both the natural clayey soil deposit and the cohesive embankment is modelled 
using MSS. The internal variables of this constitutive model, i.e. the position and dimension of the two
characteristic surfaces in the stress space, enable the material anisotropy, non linearity and irreversibility to be 
kept traced. As such, the initial values of these variables will have a significant influence on the simulated 
dynamic behaviour of the ideal dam. This implies that, in order to obtain realistic results from the dynamic
study of this boundary value problem, an approximate geological history of the deposit and the following dam 
construction stages with reservoir filling should be simulated with appropriate static FE analyses prior to the 
application of the seismic action to the bedrock. 
Table 1: Adopted MSS parameters
Parameter Value Parameter Value Parameter Value
2G/K 1.5 !# 0.001 $v 0
% 0.002 &# 4.5 'v 0
(# 0.085 )# 0 $q 0
c1 = c2 = c3 0.979 *# 1 'q 0
The simplified geological history of the clayey deposit is simulated as follows: an initial uniform low isotropic
stress state is first applied to all the Gauss points of the soil. This is followed by the activation of the gravity in
the lower part of the mesh, assuming for the constitutive model the parameters shown in Table 1, typical of 
natural stiff clays (with no simulation of the de-structuring process). This analysis defines the normally
consolidated condition of the foundation layer. A further uniform vertical load of 200kPa is then applied to the 
horizontal surface of the deposit and later removed in order to simulate the overconsolidated condition of the
base layer. The principal stress directions at the end of this initial analysis are indicated by arrows in Figure 2.
The dam construction phase is then simulated by the subsequent application of the gravity load to the four 
12m high layers in which the embankment is divided. During this phase, the hydrostatic level is kept at the
ground level and full saturation is assumed for the clay layers. The constitutive assumptions for the cohesive
soil forming the dam are the same of those adopted for the foundation deposit, assuming that the 
embankment is made of compacted strata of the same clayey material. A procedure to simulate the soil 
compaction has been developed: for each 
layer the dimension of the BSE is increased 
in every Gauss point by a fixed amount at the 
end of the gravity application, keeping 
unchanged the stress state in the same
Gauss point. In this way the observed
increase of stiffness and strength associated
to the soil compaction is simulated as the
introduction of a man-made structure by a
fictitious enlargement of the BSE. In this work
the dimension of the bounding surface is 
multiplied by a factor equal to 4, consistently
with what recently back evaluated by the
Authors for a real earth dam, characterised by
similar geometry and materials. The
deformed mesh at the end of the construction 
stage is presented in Figure 3. 
Figure 2: principal stress arrows – geological history phase
Figure 3: deformed mesh – dam construction phase 
Figure 4: pore pressure contour – seepage phase
Figure 4 shows the pore pressure contours at 
the end of the subsequent seepage analysis,
consisting in the filling of the reservoir in 100 
time steps. A permeability of 10
-8
m/s is used 
for the clayey soil of the embankment and a 
value of 10
-10
m/s is assumed for the
foundation layer. The presence of a draining 
tunnel close to the base of the downstream
side of the dam is simulated imposing a pore
pressure value equal to zero in the
corresponding fluid node of the mesh. At the
end of this seepage analysis, the upper part 
of the dam has a maximum value of suction 
equal to 64kPa at the crest. 
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Figure 5: accelerogram adopted
Once the analyses of the geological history of the deposit, the dam construction and the reservoir filling are
completed, the correct initial state for the dynamic analyses, in terms of stress states, pore pressures and 
internal variables of the constitutive model, is defined. The dynamic behaviour of the dam is studied assuming 
that the bedrock is at a depth of 12m and all the fixed solid nodes of the mesh at this depth are subjected to 
the N-S accelerogram registered at Bagnoli Irpino (Avellino, Italy) during the earthquake of November 1980 
(Ambraseys et al., 2000). This earthquake had a magnitude of 6.9M and a duration of 72.6s, with a 
fundamental frequency of 0.805Hz and a peak ground acceleration of 0.139g. The entire record, shown in 
Figure 5, is used in the dynamic analyses; its Fourier spectrum is plotted in Figure 6. 
The constitutive assumptions for the dynamic analysis are exactly the same of those adopted for the previous
static stages. In this sense it is worth noting that the shear moduli used throughout this study are comparable 
to typical G0 values measured by cross hole tests in stiff natural clayey deposits or in artificially compacted 
embankments. The adopted parameters result in a curve of the decay of the shear stiffness with increasing 
shear strain typical of a clayey soil with a plasticity index of 15 to 30% (Vucetic & Dobry, 1991). 
A Generalised Newmark time-stepping procedure is used in SWANDYNE II for the time integration during 
dynamic simulations, with algorithm parameters of +1 = 0.6 and +2 = 0.605 for the solid phase and +1
*
 = 0.6 for 
the fluid phase. The small numerical damping introduced by these values is effective in removing spurious 
high frequencies due to the finite element discretization. The time step of 0.01s, adopted during the dynamic
analyses, is equal to the time interval of the earthquake trace. The dynamic behaviour of the dam is studied for 
a duration of 80s. A constant elastic stiffness matrix is used for the Rayleigh damping calculation, where a 
2.5% damping ratio has been associated to the frequencies of 1.1Hz and 3.5Hz. On the left and right side of 
the foundation layer, viscous boundaries are simulated using two columns of finite elements characterised by a 
Rayleigh damping equal to 25%, in order to avoid wave reflections along the boundaries of the mesh during 
the seismic excitation. 
In the next section the results of two dynamic analyses, using different constitutive hypotheses, are compared 
in order to highlight the role of the constitutive assumption on the results of a dynamic analysis of an earth 
dam. The dynamic behaviour of the system is first simulated using the complete advanced MSS model 
(DYNAMIC1) and then the results are compared to those obtained adopting the simpler constitutive hypothesis
represented by the Modified Cam-Clay model (DYNAMIC2). The main characteristics of the two dynamic
analyses are summarised in Table 2. 
Table 2: compared analyses
The downward compatibility of MSS with Modified Cam-Clay allows the use of the same set of parameters 
(summarised in Table 1) for both the analyses, the only difference being the ratio of the PYE to the BSE 
assumed equal to 1 in the analysis DYNAMIC2. The major consequence 
of this assumption is the extension of the reversible regime to the entire 
stress space bounded by the BSE, neglecting the dissipative behaviour 
typically observed inside the BSE during cyclic/dynamic laboratory tests 
on clays. For consistency with DYNAMIC1, the dynamic analysis based 
on MCC is performed after the simulation of the geological history of the 
foundation layer, the subsequent dam construction and the reservoir 
filling all based on the single surface model. 
4 Results and discussions 
The profile of maximum acceleration with height along the dam axis is 
presented in Figure 7 for the analysis DYNAMIC1, indicating the
amplification that occurs between the bedrock and the crest: the peak 
amplitude at the top of the dam is equal to 0.374g, with a magnification 
factor of about 2.7 over the peak base amplitude. The same effect of 
amplification can be observed from Figure 8, where the output of the
GNpj param. Analysis
Name
A max. 
bedrock
Accelerogram
duration
Analysis
length
Time
step
Rayleigh
Damping +1 +2 +1
*
!
DYNAMIC1 0.139 g 72.6 s 80 s 0.01 s 2.5 % 0.6 0.605 0.6 0.01
DYNAMIC2 0.139 g 72.6 s 80 s 0.01 s 2.5 % 0.6 0.605 0.6 1
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Figure 7: Profile of amax with
analysis DYNAMIC1 is plotted in terms of acceleration time histories at the bedrock and at the top of the dam. 
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Figure 8: Acceleration time histories Figure 9: Fourier spectra
The dynamic behaviour of the system during the earthquake is presented in the form of Fourier amplitude 
spectra at the base and at the crest of the dam in Figure 9: it can be noticed that the clay deposit and the 
embankment have filtered the input signal, concentrating its energy content in the range 0 to 7Hz, with the 
maximum spectral acceleration at 1.4Hz. 
Figures 10 and 11 show the results of the MSS based analysis in terms of evolution with time of the vertical
and horizontal displacements, respectively. The advanced constitutive assumption allows the realistic 
simulation of the non-linear and irreversible response of the soil subjected to the dynamic action, leading to a 
final permanent horizontal displacement of the crest equal to 0.326m and a crest settlement of 0.626m, 
essentially due to plastic strains accumulation throughout the shaking. Figure 12 shows the deformed mesh at 
the end of the analysis DYNAMIC1 in terms of nodal displacements, using an amplification factor equal to 15:
the development of a slip surface-like mechanism on the downstream side is evident, although active only
during the earthquake as all the movements stop at the end of the seismic action. 
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Figure 10: Vertical displacement at crest
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Figure 11: Horizontal displacement at crest 
Figure 12: Deformed mesh – contour of nodal displacements 
As mentioned in the previous section, the dynamic
behaviour of the dam is also studied under simpler 
constitutive assumptions (DYNAMIC2). The output of this 
simulation, in terms of variation of maximum acceleration 
with height along the dam axis, is shown in Figure 7: it can
be noticed that the amplification effect between the bedrock 
and the crest is now more pronounced. The peak
acceleration at the top of the dam is equal to 0.560g, with a 
magnification factor of about 4 over the peak base 
amplitude. This very large amplification of the input 
accelerogram is accompanied by unrealistically small 
cumulated displacements in all the solid nodes of the mesh: 
Figure 10 and Figure 11 plot the evolution with time of 
vertical and horizontal displacements at the top of the dam, 
showing cumulated displacements very close to zero in both
directions, differently from what is indicated in the same 
figures for the more sophisticated analysis DYNAMIC1. A 
careful examination of the curve shown in Figure 11 relative
to the analysis DYNAMIC2 indicate that the horizontal 
displacements essentially oscillate around a very low
average value, suggesting that the single surface based 
simulation is essentially elastic. In this case, in fact, the 
constitutive assumption implies that the system is poorly
damped, resulting in a bigger amplification of the seismic 
action; at the same time the strains induced in the dam are
mainly reversible, with a very small accumulation of
irreversible (i.e. permanent) displacements. Figure 13
compares the acceleration time histories at the crest of the 
dam predicted by the two analysis: the bigger amplification 
during the analysis DYNAMIC2 is again evident. The
frequency content of the two time records registered at the
top of the dam is compared in the form of Fourier amplitude 
spectrum in Figure 14: the peaks are in good agreement, 
although the values resulting from the analysis performed 
with MCC show a larger energy content associated with a 
fundamental frequency of 1.6Hz, due to the less damped 
and slightly stiffer response of the embankment in 
DYNAMIC2. A significant advantage of the fully coupled 
non-linear approach adopted in this study is that it is based
on effective stress analysis, accounting for the dynamic
interaction between the soil skeleton and the pore fluid. The
FE code SWANDYNE II allows the user to monitor the pore 
pressure regime everywhere in the mesh. This enables to 
compare the two dynamic simulations in terms of pore
pressure distribution inside the embankment. In particular, 
the pore pressures generated during the two dynamic
analyses at node 289, 12m below the dam crest along its 
axis, are shown in Figure 15. The finite element simulation in which the complete advanced constitutive model 
MSS is adopted predicts a bigger pore water pressure built up during the earthquake. This is related to the 
continuous development of contractive plastic strain occurring during the seismic action. On the contrary, the 
cumulated pore pressure generated during the analysis performed with MCC shows a big jump corresponding 
to the first peak of the input acceleration (approximately 4s after the start of the earthquake) and then 
oscillates around its final value. Figure 16 shows the stress paths in a p’-q plot as recorded at a Gauss point 
close to the node 289: during the simplified analysis DYNAMIC2 the BSE is reached and enlarged when the 
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Figure 13: Accelerations at crest 
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Figure 15: Pore pressures 
input acceleration history reaches its first peak, resulting in the 
big jump observed in the pore pressures curve (Figure 15), and
then the stress state remains essentially inside the yield
surface, with small plastic strain accumulation and pore 
pressure oscillation around the peak value. The predicted
response in the more advanced case is mainly bounded inside
the BSE but the adopted multi-surface constitutive approach 
determine the (plastic strain driven) continuous shift of the path 
in the stress space. 
5 Conclusions 
In this paper, the dynamic behaviour of an ideal homogeneous 
earth dam overlaying a stiff natural clayey soil deposit and 
subjected to a real earthquake at the bedrock has been studied. 
The adopted approach consists in the use of the FE code 
SWANDYNE II and of the advanced constitutive model MSS in 
order to properly describe the fully coupled dynamic behaviour of the structure during the seismic excitation. 
As the initial values of the internal variables of the model have a significant influence on the simulated dynamic
behaviour of the embankment, an approximate geological history of the deposit and the subsequent dam 
construction stages and reservoir filling have been simulated with appropriate static FE analyses prior to the 
application of the seismic action at the bedrock. The results of the dynamic analysis performed using the 
advanced constitutive hypothesis have been compared to those obtained adopting a simpler constitutive 
assumption (MCC). This latter single surface based simulation is characterised by larger amplification of the 
input accelerogram, related to the very low hysteretic damping provided by the model. This is accompanied by
unrealistically small cumulated displacements in all the solid nodes of the mesh, indicating that the analysis is 
essentially elastic. Instead, the finite element simulation in which the complete advanced constitutive model 
MSS is adopted predicts a more realistic amplification of the earthquake at the crest, together with reasonable 
permanent displacement and pore water pressures built up inside the dam, due to the larger plastic strains
accumulation induced throughout the shaking. In both analyses a small fictitious viscous damping has been 
added (2.5%). This value proves to be the correct one for the advanced constitutive model based analysis
while results in a poorly damped response in the analysis based on MCC, due to the limited hysteretic energy
dissipation predicted by this simple model. 
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Figure 16: Stress paths 
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